We used standard microelectrode techniques to evaluate the effects of lidocaine and quinidine on canine Purkinje fibers at normal pH (7.3) and in the presence of acidosis (pH 6.9). Acidosis alone reduced resting potential, action potential amplitude, and V mal , while increasing APD 90 and conduction time. Lidocaine concentrations of 6 x 10~6 to 1.5 x 10~5 M had minimal effect on resting potential, action potential amplitude, and V mu at pH 7.3. At pH 6.9, the same lidocaine concentrations significantly reduced resting potential (3-10%), action potential amplitude (3-8%) and V raa x (14-22%). Quinidine (6 x 10" 6 to 1.5 x 10~? M) reduced resting potential (3-5%), action potential amplitude (4-9%), and Vma, (19-34%) at pH 7.3. At pH 6.9, quinidine produced significantly greater reductions in resting potential (4-15%), action potential amplitude (5-18%), and V raal (22-49%). These changes were associated with much more quinidine-and lidocaine-induced prolongation of interelectrode conduction time at acidic than at normal pH. Inexcitability occurred at pH 6.9 in four of 14 experiments with 1.5 x 10~5 M quinidine and in two of 10 with 1.5 X 10" 5 M lidocaine, and was reversed at the same drug concentration by normalizing pH. Acidosis did not alter the V mal -resting potential relationship in either the absence or presence of antiarrhythmic agents. Furthermore, changes in ionization did not account for the alterations in electrophysiological effects of quinidine and lidocaine produced by acidosis. Our data suggest that extracellular pH changes may modify importantly the effects of antiarrhythmic agents.
CONSIDERABLE information is available regarding the cellular electrophysiological actions of antiarrhythmic agents. The vast majority of this knowledge has been obtained from studies using normal cardiac tissues exposed to drugs in solutions that simulate the normal extracellular environment. Much less is known about the effects of antiarrhythmic drugs on diseased tissues or in the presence of an abnormal extracellular milieu. Such knowledge is important to understanding the actions of antiarrhythmic agents in patients with organic heart disease.
Lidocaine has been shown to slow conduction velocity in acutely ischemic myocardium (Kupersmith et al., 1975) and to depress membrane responsiveness and the maximum slope of phase 0 (V max ) in subendocardial Purkinje fibers of 24-hourold myocardial infarcts (Sasyniuk and Kus, 1974; Allen et al., 1978; Wang et al., 1979) . Epicardial tissue from 24-to 72-hour-old infarctions develops depressed excitability and membrane responsiveness when exposed to lidocaine (Lazzara et al., 1978) , as does hypoxic normal endocardial tissue (Hondeghem et al., 1974; Lazzara et al., 1978) . Lidocaine depresses membrane responsiveness increasingly as extracellular potassium concentration is increased above 3 mia (Singh and Vaughan Williams, 1971; Rosen et al., 1973; Weld and Bigger, 1975) . Increases in extracellular potassium concentration also enhance the depressant effects of quinidine (Watanabe et al., 1963; Dreifus et al., 1974) ; and disopyramide (Kus and Sasyniuk, 1978) on Vmax- Little published information exists regarding the effects of pH changes on the cellular electrophysiological actions of antiarrhythmic agents. The longrecognized efficacy of alkalinizing solutions in treating patients with procainamide and quinidine toxicity (Wasserman et al., 1958) , supported by experimental evidence from in vivo studies on dogs (Bellet et al., 1959a (Bellet et al., , 1959b , suggests the potential clinical importance of such interactions. Furthermore, the effects of pH changes may be important during ischemia since tissue pH in acutely ischemic myocardium may be as low as 6.8 (Neely et al., 1975) . The effects of lidocaine on acutely ischemic myocardium (Kupersmith et al., 1975) could therefore be due, at least in part, to alterations of lidocaine's actions in the presence of acidosis. Grant and Strauss (1979) have published preliminary data showing that acidosis enhances lidocaine's slowing effect on the recovery time constant of V^x in guinea pig papillary muscles. Our study was de-VOL. 48, No. 1, JANUARY 1981 signed to evaluate the ways in which changes in extracellular pH alter the cellular electrophysiological actions of lidocaine and quinidine.
Methods
Adult mongrel dogs of either sex, weighing 10-20 kg, were anesthetized with secobarbital (30 mg/kg, iv). Their hearts were removed rapidly through a right thoracotomy and immersed in cool, oxygenated Tyrode's solution. Free-running false tendons were excised from either ventricle and pinned to the paraffin floor of a 10-ml Lucite muscle chamber. The tissue was superfused at a rate of 8 ml/min with Tyrode's solution maintained at 37°C and gassed with 95% O 2 -5% CO 2 . A Teflon-coated, silver bipolar electrode was used to stimulate the tissue at a frequency of 2 Hz, with a pulse duration of 1-2 msec and current intensity 1.25-1.5 times diastolic threshold.
Glass microelectrodes filled with 3 M KC1 and with a tip resistance of 10 to 30 MS2 were used to record the transmembrane potential from single cells. The microelectrode was connected through an Ag-AgCl junction to the input of a high-impedance, capacitance-neutralizing amplifier. The first time derivative of the transmembrane potential was obtained using an electronic differentiator which was linear between 100 to 1000 V/sec. A bipolar Teflon-coated silver electrode was positioned on the false tendon approximately 1 cm distal to the impaled cell to obtain an electrogram. The recordings were displayed on a storage oscilloscope (Tektronix D-15) and photographed with Polaroid film. The following measurements were made from the Polaroid pictures: resting potential (transmembrane potential at the onset of phase 0), action potential amplitude, V max , and action potential duration measured at 50% and 90% of repolarization. Conduction time was measured between the onset of the differentiated signal and the first rapid deflection in the bipolar electrogram.
The composition of the Tyrode's solution was (in IIIM): Na + , 147; K + , 4; Cl", 133.4; HCO 3 ", 22; H 2 P0 r , 0.9; Mg 2+ , 0.7; Ca 2+ , 2; and dextrose, 5. The pH of this solution was 7.3 ± 0.05 after 1 hour of oxygenation. Solutions with modified pH were prepared by changing NaCl and NaHCO 3 concentrations reciprocally to keep the Na + concentration constant. An acid solution was prepared with a Cl" concentration of 145.4 HIM, a HCC> 3~ concentration of 10 mM, and a pH of 6.9 ± 0.05. All solutions were gassed with 95% O 2 -5% CO 2 for 1 hour prior to use, so that pH changes due to changing CO 2 concentration did not occur during the experiment. Superfusate pH was measured using a pH analyzer (Orion Research, model 601A) accurate to ±0.01 pH units connected to a pH electrode (Microelectrodes, model MI 412) located in the tissue bath.
In the first series of experiments, we evaluated the effects on action potential characteristics of pH change alone, of lidocaine at pH 7.3 and pH 6.9, and of quinidine at pH 7.3 and 6.9. In each experiment, a fiber was impaled and superfused for 30 minutes with drug-free solution at either pH 7.3 or 6.9. The superfusate then was changed to drug-free solution at the pH that had not been used during the first superfusion period for a further 30 minutes of superfusion. We varied the sequence of pH change to exclude any systematic time-related bias in the results. The fiber then was superfused with a solution containing either lidocaine hydrochloride or quinidine gluconate, at the same initial pH as had been used in the control period. After 30 minutes of superfusion with lidocaine or 60 minutes with quinidine, the pH of the superfusate was changed while the drug concentration was kept constant, for a further 30 minutes. Each fiber was therefore studied at pH 7.3 and pH 6.9 in random order without drugs, and then at pH 7.3 and pH 6.9 in the same order as used for the control period but in the presence of lidocaine or quinidine. Steady state effects always were achieved within 30 minutes after changing pH or adding lidocaine, and 60 minutes after adding quinidine.
In experiments studying lidocaine, washout was obtained by supervising for 30 minutes at pH 7.3 with drug-free solution. We did not attempt to return to drug-free solution after quinidine because we found in preliminary studies that the effects of higher quinidine concentrations were not completely reversible even after 2 hours of superfusion with drug-free solution. To ensure that loss of impalement was not responsible for loss of resting potential and V max in the presence of quinidine and acidosis, the tissue was re-exposed to quinidine at normal pH if quinidine at pH 6.9 was the last experimental condition studied. Continuous impalement was maintained throughout each experiment. Action potential characteristics were measured three times during the last 5 minutes of each superfusion period, and varied by less than 2% over this time interval. The mean of these values was taken to be characteristic of the steady state and was used for statistical analysis.
Drug concentrations of 6 X 10~6 M, 1 X 10" 5 M, and 1.5 x 10~5 M were studied for both quinidine and lidocaine. Inexcitability occurred in several experiments during drug superfusion at pH 6.9. When this occurred, stimulus intensity and duration were increased in ah attempt to produce propagated responses. In all preparations developing inexcitability, this progressed so that maximum extracellular stimulation failed to elicit all-or-none depolarization. Superfusion then was altered to solution at pH 7.3 with the same drug concentration to determine whether normalizing pH reversed the inexcitability. The resting potential of the last propagated impulse before inexcitability occurred was taken to represent the resting potential at steady state during that superfusion period. Resting potential was the only variable evaluated in experiments in which inexcitability occurred. Six experiments uncomplicated by inexcitability were performed at each drug concentration.
An additional series of experiments was performed to determine whether acidosis has any direct effect on the sodium channel independent of effects on resting potential. The V max -resting potential relationship was studied by measuring Vmax at various levels of resting potential as [K + ]o was increased from 4 to 12 mia and returned again to 4 DIM. Each cell was studied with continuous impalement at both pH 7.3 and 6.9. Five experiments were performed in the absence of antiarrhythmic drugs, four in the presence of lidocaine and four in the presence of quinidine. The preparation was stimulated at a cycle length of 500 msec for all experiments.
Statistical analysis of drug-induced changes in action potential characteristics was performed for each drug concentration using a two-way analysis of variance. Duncan's multiple range test was applied to evaluate differences between variables at pH 7.3, pH 6.9, a given drug concentration at pH 7.3 and the same drug concentration at pH 6.9 (Steel and Torrie, 1960) . We assessed the pH dependency of drug responses by calculating an F statistic for interaction effects from the analysis of variance (Steel and Torrie, 1960) . The effects of acidosis alone were evaluated by comparing variables in the absence of drugs at pH 6.9 with those at pH 7.3 using Student's paired f-test. The significance of linear correlation was determined by applying Student's t-test to the correlation coefficient. Two-tailed tests were used for all statistical comparisons, and null hypotheses were rejected if their probability was less than 5%. All analyses were performed using raw data. Group averages are expressed in this paper as the mean ± the standard error of the mean.
Results
Acidosis reduced resting potential, action potential amplitude, and V max , while prolonging the terminal phase of repolarization without significantly affecting the plateau (Table 1 ). An increase in the interelectrode conduction time indicated that acidosis slowed conduction. Acidosis did not alter the V m ax-resting potential relationship of cells studied in the absence of antiarrhythmic drugs (Fig. 1 ).
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FIGURE 1 Effect of changing pH on the V' ma% -resting potential relationship. Each point represents the mean ± SE of V ma x for five Purkinje fibers, each of which was studied at both pH 7.3 (circles) and 6.9 (triangles) in the absence of antiarrhythmic drugs. At pH 7.3, quinidine reduced resting potential slightly and action potential amplitude and V max significantly (Table 2) . These changes were associated with modest, statistically insignificant prolongation of interelectrode conduction time. At pH 6.9, quinidine produced greater reductions in resting potential, action potential amplitude, and V max , and significantly prolonged conduction time. Quinidine prolonged APD90 more at pH 6.9 than at pH 7.3, while shortening APD.W at both pH 6.9 and 7.3. The effects of quinidine on resting potential, action potential amplitude, V max and APD90 showed statistically significant pH dependency. Whereas V max was much more depressed by quinidine at pH 6.9 than at pH 7.3, changing pH from 7.3 to 6.9 did not alter the relationship between resting potential and V max in fibers exposed to quinidine (Fig. 2) .
Lidocaine at pH 7.3 had negligible effects on resting potential and action potential amplitude, while reducing V max and prolonging conduction time <0.001 <0.001 <0.001 RP = membrane resting potential; APA = action potential amplitude; APDM = action potential duration measured at 50% of repolarization; APD W = action potential duration measured at 90% repolarization; V,™, = maximum rate of change of voltage during phase 0; CT = conduction time; N.S. = not significant. * n = 6 for all comparisons except RP for 1.5 X 10 5 M quinidine (n = 7), which includes one experiment in which inexcitability occurred. For definition of abbrevviations, see Table 1 .
f A statistically significant interaction indicates that quinidine's effect on an action potential characteristic is pH-dependent. % P < 0.05 and § P < 0.01 = significance of difference between action potential characteristic at a given quinidine concentration and pH to drug-free control t the same pH. slightly (Table 3) . At pH 6.9, however, lidocaine reduced resting potential and action potential amplitude significantly. Furthermore, lidocaine reduced V ma x and prolonged conduction time more at pH 6.9 than at pH 7.3. APD50 and APD90 were shortened by all lidocaine concentrations at both pH 7.3 and 6.9. Lidocaine's effects on resting potential, action potential amplitude, V max , and conduction time showed statistically significant depend- potential relationship in quinidine-treated tissues. Studies were performed on Purkinje fibers exposed for 1 hour to quinidine at 6 x 10' 6 M (left) and 1. 5 X 10~b M (right) . The Vmnx-resting potential relationship in the presence of a constant quinidine concentration was evaluated at both pH 7.3 and pH 6.9 for each fiber.
ence on extracellular pH. The relationship between resting potential and V max , however, was not affected by changing extracellular pH from 7.3 to 6.9 in preparations treated with lidocaine ( Fig. 3) .
In four of 14 experiments with 1.5 X 10~5 M quinidine and two of 10 with 1.5 X 10" 5 M lidocaine, these drugs at pH 6.9 produced inexcitability to maximal extracellular current stimulation (approximately 5 mA) with a stimulus duration of up to 10 msec. These were the only experiments in which changes in stimulating current strength or duration were made. Changing the pH of the superfusate to 7.3 while maintaining the same drug concentration reversed inexcitability in each case. In all of these experiments, inexcitability was associated with a marked decrease in membrane resting potential to less than -65 mV.
Since the degree of ionization of lidocaine and quinidine changes over the pH range 7.3 to 6.9, we examined the correlation between various molecular forms of the drugs and drug effects. Concentrations of ionized and non-ionized drug at pH 7.3 and 6.9 were calculated from the pKa (7.9 for lidocaine, 8.4 for quinidine) (Avery, 1976) and total concentration of the drug used in each experiment (Avery, 1976) . Log (concentration)-response relationships then were examined for total drug, ionized drug, and non-ionized drug concentrations and each of the action potential characteristics studied. Figure  4 is an example of such a series of graphs relating changes in V max produced by quinidine to the con- Table 1 .
f A statistically significant interaction indicates that quinidine's effects on an action potential characteristic is pH-dependent. \ P < 0.05 and § P < 0.01 = significance of difference between action potential characteristic at a given lidocaine concentration and pH to drug-free control at the same pH. centrations of total, ionized, and non-ionized quinidine in each experiment. Although there was a linear relationship between the log of total or ionized quinidine concentrations and quinidine-induced changes in V ma x, non-ionized quinidine concentrations correlated very poorly with quinidine's effects. These results suggest that quinidine's effects on V max are related to the concentrations of total or ionized quinidine, but not to concentrations of non-ionized quinidine. Total and ionized drug concentrations showed a positive log-linear relationship with changes in each of the action potential characteristics studied. In contrast, non-ionized drug concentrations correlated much more poorly with drug effects. In addition to the effect of quinidine on V max (discussed above), quinidine's effects on APD90, action potential amplitude, and resting potential, as well as lidocaine's effects on V max , APD50, action potential amplitude, and resting potential, correlated much better with total drug concentrations than with non-ionized drug concentrations.
Discussion
We have demonstrated that the depressant effects of quinidine and lidocaine on resting potential, action potential amplitude and V ma x are pH dependent, increasing at more acid extracellular pH. Quinidine and lidocaine reduce the V max initiated at any given resting potential in cells whose resting potential is varied by exposure to changing concentrations of potassium (Chen et al., 1975) . We did not find any change in the relationship between V max and resting potential in cells exposed to quinidine or lidocaine when pH was changed from 7.3 to 6.9. The pH-dependent depression of V max by quinidine and lidocaine therefore is accounted for by alterations in resting potential. Depolarization reduces V max by increasing the fraction of sodium channels that are inactivated, and may enhance the binding of antiarrhythmic agents to sodium channels by making the complex of drug with the inactivated channel a favored state (Hille, 1977; Hondeghem and Katzung, 1977) . We found no evidence to suggest that pH changes altered the interaction between quinidine or lidocaine and the sodium channel at any given resting potential.
The mechanism by which lidocaine and quinidine substantially reduce resting potential at pH 6.9 is unclear, but possibilities include inhibition of Na + , K + -ATPase, changes in passive ion fluxes, decreased membrane permeability to potassium or increased membrane permeability to sodium. Quinidine is capable of binding to Na + ,K + -ATPase and inhibiting its activity (Besch and Watanabe, 1977) , but the pH dependency of this effect is unknown. The available evidence suggests that lidocaine increases potassium permeability (Arnsdorf and Bigger, 1972) . Weld and Bigger (1975) have shown that hyperpolarization eliminates lidocaine's depression of Vmax, a finding that would be unlikely if lidocaine altered the transmembrane sodium gradient.
We found that total or ionized lidocaine and quinidine concentrations correlated better with the effects of these drugs than did non-ionized drug concentrations. These findings support the conclusion of Gliklich and Hoffman (1978) , from work with quaternary derivatives of lidocaine, that the ionized form of antiarrhythmic agents may enter the cell from the extracellular space and produce important electrophysiological effects. These results are not consistent with the hypothesis that only non-ionized molecules of local anesthetic agents are able to penetrate cell membranes and affect depolarization-induced changes in ionic conductances, for which there is some evidence in studies of nerve tissues (Narahashi et al., 1970) . Furthermore, these results suggest that changes in ionization do not account for the differences between the effects of lidocaine and quinidine at pH 6.9 compared to their effects at pH 7.3. Skinner and Kunze (1976) showed in rabbit atrium that acidosis caused a loss of intracellular potassium which then accumulated in the extracellular space. This resulted in a net decrease of 5 mV in the calculated potassium equilibrium potential when pH was changed from 7.5 to 6.8. The average decrease of 3.7 mV in resting potential which occurred when pH was lowered from 7.3 to 6.9 in our studies probably is due to the same phenomenon. Since acidosis did not alter the overshoot or the relationship between Vmax and resting potential, the reduction in resting potential produced by acidosis probably accounts for the concomitant reductions in action potential amplitude and V ma x-Van Bogaert and Carmeliet (1972) have reported that acidosis reduced V ma x in bovine Purkinje fibers when resting potential was kept constant by injecting intracellular current. This effect was present, however, only for values of pH less than 6. We have shown that moderate changes in pH within the physiological range do not alter the steady state V max -resting potential relationship, and presumably do not affect the voltage dependency of sodium channel activation and inactivation.
We altered extracellular pH by changing biocarbonate concentration. Since PCO2 was unaltered, intracellular buffering systems may have been particularly effective in preventing changes in intracellular pH. Caution therefore must be exercised in extrapolating our results to the effects of antiarrhythmic agents in the presence of myocardial ischemia, which causes profound intracellular as well as extracellular acidosis.
